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Generalized Parton Distributions and wide-angle exclusive scattering
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The handbag mechanism for wide-angle exclusive scattering reactions is discussed and compared with other
theoretical approaches. Its application to Compton scattering, meson photoproduction and two-photon annihila-
tions into pairs of hadrons is reviewed.
Talk presented at 7th Zeuthen Workshop on Loops and Legs in Quantum Field Theory
Recently a new approach to wide-angle Comp-
ton scattering off protons has been proposed [1,2]
where, for Mandelstam variables s,−t,−u that
are large as compared to a typical hadronic scale,
Λ2 of the order of 1 GeV2, the process ampli-
tudes factorize into a hard parton-level subpro-
cess, Compton scattering off quarks, and in soft
form factors which represent 1/xmoments of gen-
eralized parton distributions (GPDs) and encode
the soft physics. Subsequently it has been real-
ized that this so-called handbag mechanism ap-
plies to a number of other wide-angle reactions
such as two-photon annihilations into pairs of
hadrons or meson photo- and electroproduction.
There are competing mechanisms which con-
tribute to wide-angle scattering besides the hand-
bag which is characterized by one active parton,
i.e. one parton from each hadron participates in
the hard subprocess (e.g. γq → γq in Compton
scattering) while all others are spectators. First
there are the so-called cat’s ears graphs (see Fig.
1) with two active partons. It can be shown that
in these graphs either a large parton virtuality
or a large parton transverse momentum occurs
which forces the exchange of at least one hard
gluon. Hence, the cat’s ears contribution is ex-
pected to be suppressed as compared to the hand-
bag one. The next class of graphs are character-
ized by three active quarks and, obviously, require
the exchange of at least two hard gluons. In the
valence quark approximation which is expected to
hold at large −t, the big blob in the case of three
active quarks decays into two smaller blobs, see
p
p
0
 
e
3
e
1
p
q
0
p
0
q
p
p
0
 
p
p
0
 
e
3
e
1
p
q
0
p
0
q
p
p
0
 
p
p
0
 
p
p
0
 
Figure 1. Handbag diagram for Compton scat-
tering (upper left), cat’s ears (upper right), the
three-particle contribution (lower left) and its va-
lence quark approximation (lower left).
Fig. 1. Each of these blobs describe a hadron’s
distribution amplitude for finding valence quarks
in the hadron, each carrying some fraction xi of
the hadron’s momentum. This so-called leading-
twist contribution is expected to dominate for
asymptotically large momentum transfer but is
strongly suppressed for momentum transfer of the
order of 10 GeV2. Since hadrons are not just
made off their valence quarks one go on and con-
sider four or more active partons. In principle, all
the different contributions have to be added co-
herently. In practice, however, this is a difficult,
currently impossible task since each contribution
2has its own associated soft hadronic matrix el-
ement which, as yet, cannot be calculated from
QCD.
The contribution from the handbag diagram
shown in Fig. 1, is calculated in a symmetrical
frame which is a c.m.s. rotated in such a way
that the momenta of the incoming (p) and outgo-
ing (p′) proton momenta have the same light-cone
plus components. Hence, the skewness defined as
ξ =
(p− p′)+
(p+ p′)+
, (1)
is zero. The crucial assumption in the handbag
approach is that of restricted parton virtualities,
k2i < Λ
2, and of intrinsic transverse parton mo-
menta, k⊥i, defined with respect to their parent
hadron’s momentum, which satisfy k2
⊥i/xi < Λ
2,
where xi is the momentum fraction parton i car-
ries.
One can then show [2] that the subprocess
Mandelstam variables sˆ and uˆ are the same as
the ones for the full process (s and u) up to cor-
rections of order Λ2/t. The active partons are
approximately on-shell, move collinear with their
parent hadrons and carry a momentum fraction
close to unity, xj , x
′
j ≃ 1. Thus, the physical situ-
ation is that of a hard parton-level subprocess and
a soft emission and reabsorption of quarks from
the proton. The arguments for handbag factor-
ization hold in the time-like region as well [3] (see
also Ref. [4]). Here a suitable symmetrical frame
is a c.m.s. in which the final state hadrons move
in opposite directions along the 1-axis. Hence,
p+ = p′+ and the time-like skewness, defined as
ζ =
p+
(p+ p′)+
, (2)
is 1/2.
The light-cone helicity amplitudes for wide-
angle Compton scattering read [2,5]
Mµ′ν′, µν(s, t) =
e2
2
[
δν′ν Tµ′ν, µν (RV +RA)
+ δν′ν Tµ′−ν, µ−ν (RV −RA) (3)
+ δ−ν′ν
√−t
2m
(Tµ′−ν′, µν + Tµ′ν′, µ−ν ) RT
]
.
The amplitudes for other wide-angle reaction
have an analogue structure. µ(ν) and µ′(ν′) de-
note the helicities of the incoming and outgoing
photons (protons in M or quarks in the subpro-
cess amplitude T (sˆ, t)), respectively. m denotes
the mass of the proton. The form factors Ri(t)
represent 1/x¯-moments of GPDs at zero skew-
ness. For Compton scattering the hard scattering
has been calculated to next-to-leading order per-
turbative QCD [5]. To this order one has to take
into account the photon-gluon subprocess and a
corresponding gluonic form factor. This small
correction which amounts to less than 10% in the
cross section, is taken into account in the numer-
ical results shown below but, for convenience, ig-
nored in the formulas.
The handbag amplitude (3) leads to the follow-
ing leading-order Compton cross section
dσ
dt
=
dσˆ
dt
{
1
2
[
R2V (t) (1 + κ
2
T ) +R
2
A(t)
]
− uˆsˆ
sˆ2 + uˆ2
[
R2V (t) (1 + κ
2
T )−R2A(t)
]}
, (4)
where dσˆ/dt is the Klein-Nishina cross section for
Compton scattering off massless, point-like spin-
1/2 particles of charge unity. The quantity κT is
defined as
κT =
√−t
2m
RT
RV
. (5)
Another interesting observable in Compton scat-
tering is the helicity correlation, ALL, between
the initial state photon and proton or, equiva-
lently, the helicity transfer, KLL, from the in-
coming photon to the outgoing proton. In the
handbag approach one obtains [2,5]
ALL = KLL ≃
sˆ2 − uˆ2
sˆ2 + uˆ2
RA(t)
RV (t)
, (6)
where the factor in front of the form factors is
the corresponding observable for γq → γq. The
result (6) is a robust prediction of the handbag
mechanism, the magnitude of the subprocess he-
licity correlation is only diluted by the ratio of
the form factors RA and RV .
The cross section for two-photon annihilations
into baryon-antibaryon pairs reads [3]
dσ
dt
( γγ → BB ) = 4piα
2
elm
s2 sin2 θ
{∣∣RBA(s) + RBP (s)∣∣2
+ cos2 θ
∣∣RBV (s)∣∣2 + s4m2 ∣∣RBP (s)∣∣2
}
, (7)
3while for pseudocalar meson it is given by
dσ
dt
(γγ →MM) = 8piα
2
elm
s2 sin4 θ
∣∣R
MM
(s)
∣∣2 . (8)
The annihilation form factors represent mo-
ments of two-hadron distribution amplitudes,
Φ2h(z, ζ, s), which are time-like versions of GPDs.
In order to make actual predictions for Comp-
ton scattering a model for the form factors or
rather for the underlying GPDs is required. A
first attempt to parameterize the GPDs H and
H˜ at zero skewness is [1,2]
H q(x¯, 0; t) = exp
[
a2t
1− x¯
2x¯
]
q(x¯) ,
H˜ q(x¯, 0; t) = exp
[
a2t
1− x¯
2x¯
]
∆q(x¯) , (9)
where q(x¯) and ∆q(x¯) are the usual unpolarized
and polarized parton distributions in the proton.
The transverse size of the proton, a, is the only
free parameter. The model (9) is designed for
large −t. Hence, forced by the exponential in (9),
large x¯ is implied, too. Despite this the normal-
izations of the model GPDs at t = 0 are correct.
From the model GPDs (9) we can evaluate the
various form factors by taking appropriate mo-
ments. For the Dirac and the axial form factor
one has the sum rules
F1(t) =
∑
q
eq
∫ 1
−1
dx¯H q(x¯, 0; t) ,
FA(t) =
∫ 1
−1
dx¯
[
H˜ u(x¯, 0; t)− H˜ d(x¯, 0; t)
]
,(10)
while the Compton form factors read
RV (t) =
∑
q
e2q
∫ 1
−1
dx¯
x¯
H q(x¯, 0; t) ,
RA(t) =
∑
q
e2q
∫ 1
−1
dx¯
x¯
sign(x¯) H˜ q(x¯, 0; t). (11)
Numerical results for the proton’s Dirac form fac-
tor and the Compton form factors are shown in
Fig. 2. The scaled form factors t2F1,A and t
2Ri
exhibit broad maxima which mimick dimensional
counting in a range of −t from, say, 5 to about
20 GeV2. As the comparison with experiment [6]
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Figure 2. Model results for the scaled Dirac form
factor of the proton t2F p1 (top) and the Comp-
ton form factors t2Ri (bottom) (in GeV
4). Data
taken from Ref. [6].
reveals, the model GPDs work rather well al-
though the predictions for the Dirac form factor
overshoot the data by about 20 − 30% for −t
around 5 GeV2. An effect of similar size can be
expected for the Compton form factors. A phe-
nomenological analysis of the GPDs is currently
in progress. It bases on a more general ansatz for
the general profile function in (9) with a few free
parameters which are adjusted to the data on the
nucleon form factors through the sum rules. In
this analysis the GPD Eq being related to nucleon
helicity flip, will also be determined. With it at
our disposal one can evaluate the tensor form fac-
tor RT analogously to (11). In the present stage
only predictions for various constant values of the
quantity κT (5) are given.
It is important to realize that the GPDs repre-
sent process independent information on the nu-
4cleon. They therefore appear for instance in me-
son photoproduction as well. However, the fla-
vor composition of the full form factors as well
as the relative sign between quark and antiquark
contributions are process dependent. In time-like
processes form factors occur which are analytic
continuations of the above space-like ones. Thus,
for instance, in γγ → pp we have
Ri(s) =
∑
q
e2qF
q
i (s) , i = V,A, P (12)
with
F qi (s) =
∫
dzΦ qpp i(z, ζ = 1/2, s) . (13)
In contrast to the space-like region where the
pseudoscalar form factor decouples in the sym-
metric frame, here the scalar form factor does not
contribute. The vector form factor is therefore re-
lated to the magnetic one
GM (s) =
∑
q
eqF
q
V (s) , (14)
and not to the Dirac form factor. It is expected
that the time-like form factors are of the same
order of magnitude than the space-like ones.
Employing the model GPDs and the corre-
sponding form factors, various Compton observ-
ables can be calculated [2,5]. The predictions for
the differential cross section are in fair agreement
with the Cornell data [7]. The JLab E99-114 col-
laboration [8] will provide accurate cross section
data soon which will allow for a crucial examina-
tion of the handbag mechanism.
Predictions for ALL = KLL are shown in Fig. 3.
The JLab E99-114 collaboration [8] has presented
a first measurement of KLL at a c.m.s. scattering
angle of 120◦ and a rather low photon energy of
3.23 GeV. This still preliminary data point is
in fair agreement with the predictions from the
handbag given the small energy at which they
are available.
For photo- and electroproduction of mesons the
dynamics of the subprocess, γq → Mq, is to be
specified. The simplest mechanism is the one-
gluon exchange. It turns out that this contribu-
tion fails with the normalization of the photopro-
duction cross section [9]. Treating the subprocess
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Figure 3. Predictions for the helicity correlation
ALL = KLL in Compton scattering (top) and the
ratio of the γn → pi−p and γp → pi+n cross sec-
tions vs. beam energy, E, at a c.m.s. scattering
angle of 90◦ (bottom). Data taken from [10].
in a more general way by a covariant decomposi-
tion and neglecting quark helicity flip, one obtains
a number of predicitions whose experimental ver-
ification would signal the dominance of the hand-
bag mechanism. Thus, for instance, the helicity
correlation ALL is similar to the result (6) for
Compton scattering. Another interesting result
is the ratio of the cross sections for photoproduc-
tion of pi+ and pi−. It is approximately given by
dσ(γn→ pi−p)
dσ(γp→ pi+n) ≃
[
eduˆ+ eusˆ
euuˆ+ edsˆ
]2
. (15)
The form factors cancel in the ratio. The predic-
tion (15) is in fair agreement with a recent JLab
measurement [10], see Fig. 3.
The characteristic sin−4 θ dependence of the
cross section for two-photon annihilation into a
pair of pseudoscalar mesons (8) is predicted in
fair agreement with experiment, see Fig. 4. The
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Figure 4. Handbag predictions for the angu-
lar dependence of the cross section for γγ →
pi+pi− versus s. Preliminary data are taken from
ALEPH [11].
form factors have not been modelled in Refs. [3]
but rather extracted (’measured’) from the ex-
perimental cross section. The average value of
the scaled form factor sR2pi obtained that way is
0.75 GeV2. The closeness of this value to that of
the scaled time-like electromagnetic form factor
of the pion (0.93± 0.12 GeV2) hints at the inter-
nal consistency of the handbag approach. Similar
results are found for the production of baryon-
antibaryon pairs.
Another feature of the handbag mechanism in
the time-like region is the intermediate qq state
implying the absence of isospin-two components
in the final state. A consequence of this property
is
dσ
dt
(γγ → pi0pi0) = dσ
dt
(γγ → pi+pi−) , (16)
which is independent of the soft physics input and
is, in so far, a robust prediction of the handbag
approach. The absence of the isospin-two compo-
nents combined with flavor symmetry allows one
to calculate the cross sections for other BB chan-
nels using the pp form factors as the only soft
physics input.
To summarize, I have briefly reviewed the the-
oretical activities on applications of the hand-
bag mechanism to wide-angle scattering. There
are many interesting predictions, some are in fair
agreement with experiment, others still awaiting
their experimental examination. It seems that
the handbag mechanism plays an important role
in exclusive scattering for momentum transfers
of the order of 10 GeV2. However, before we can
draw firm conclusions more experimental tests are
needed. I finally emphasize that the structure
of the handbag amplitude, namely its represen-
tation as a product of perturbatively calculable
hard scattering amplitudes and t (s)-dependent
form factors is the essential result. Refuting the
handbag approach necessitates experimental evi-
dence against this factorization.
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